The effect of metabolites from the indigenous Acidithiobacillus thiooxidans and temperature on the bioleaching of cadmium from soil was investigated in the present study. Bioleaching was found to be more effective than chemical leaching of cadmium. The metabolite, mainly sulfuric acid, which was shown to be growthassociated in the exponential phase, plays a major role in bioleaching. The maximum amount of cadmium leached was obtained after 8 days of precultivation when cells were directly involved in the leaching process. It indicates that cells in the exponential growth phase exhibit higher activity toward bioleaching. In contrast, the maximum amount of cadmium leached and the maximum initial rate for bioleaching were reached after 16 days of precultivation when only metabolites were involved in the bioleaching process. It implies that higher sulfuric acid concentration results in higher leaching efficiency. In addition, higher temperature leads to higher leaching efficiency. The optimal operation condition for bioleaching was determined to be a two-stage process: The first stage involves the precultivation of the indigenous A. thiooxidans at 30°C for 8 days followed by 20 minutes of centrifugation to discard cells. The second stage involves the bioleaching with the subsequent supernatant at 50°C.
INTRODUCTION
Usually, the treatment of metal contaminated soils and sediments can be classified into two categories: the traditional physical/chemical method and bioremediation. Although the physical/chemical technology has been extensively applied in practice, it shows the limitations of low efficiency, high cost, and the possibility to produce secondary contaminations and further hazardous emissions (Rulkens et al., 1995) . In contrast, the advantages of bioremediation (e.g., bioleaching) are the relatively low cost and mild conditions of the process, and the subsequent low demand for energy or landfill space compared with conventional technologies (Krebs et al., 1997) .
Previous studies have shown that both direct and indirect bioleaching of heavy metals from various insoluble metal sulfides exist in different bacterial metabolic pathways (Rulkens et al., 1995; Tyagi and Couillard, 1989) . Recently, a model for structure-function relationships of attached Acidithiobacillus ferrooxidans and their physiology has been established (Gehrke et al., 2001) . This model shows that the attachment of leaching bacteria is primarily mediated by exopolymer-complexed iron(III) ions in an electrostatic interaction with the negatively charged pyrite surface and that the mechanism of bacterial pyrite oxidation is basically indirect.
Acidithiobacillus spp. (e.g., A. thiooxidans and A. ferrooxidans) has been the most widely considered group of microorganism in terms of bioleaching applications due to their acidophilic characteristics (Gehrke et al., 1998; Krebs et al., 1997) . In extremely acidic conditions, metals in contaminated soils are solublized due to the destruction of metal-soil complexes. The bioleaching mechanism of A. ferrooxidans follows the direct and indirect processes, while that of A. thiooxidans only adopts the indirect approach Mercier, 1990, 1991; Couillard, 1987, 1989; Rulkens et al., 1995) .
Similar to other Acidithiobacillus species, A. thiooxidans is thought to develop a mechanism that facilitates the attachment of cells to the surface of sulfur/sulfidic particles (Andrews, 1988; Konishi et al., 1995) . Previous studies have shown that the attachment involves the effect of electric charges, surface irregularity, and cell membrane characteristics (Ohmura et al., 1993; Solari et al., 1992) . In addition, it involves the excretion of extracellular polymeric substances (EPS), which are thought to mediate the contact between the cell and the surface (Bhavaraju et al., 1993; Kumar et al., 1991) .
Bioleaching of heavy metals from contaminated soils is considered to be a complex process. Various parameters such as temperature, pH, nature of the bacteria, cell concentration, characteristics of contaminated soils, etc., play important roles in determining the rate of the bioleaching process (Battaglia et al., 1994; Tichy et al., 1993; Wong and Henry, 1988) . The present study aims to investigate the role of the precultivation time, the metabolites of the indigenous A. thiooxidans, and temperature on the bioleaching of cadmium (Cd) from soil.
MATERIALS AND METHODS

Microorganisms
The indigenous A. thiooxidans used in this study was obtained from sewerage samples from a highly sulfatecontaminated site near Keelung, Taiwan. Isolation experiments were undertaken at pH 4.0 to imitate a favorable in situ condition from an ecological perspective. Successful enrichment cultures on elemental sulfur should exhibit a decreasing profile in pH and biased amplification in sulfuroxidizing bacteria, leading to high purity of A. thiooxidans. 
Bioleaching Experiments
Since the types and amounts of metals varied according to different contaminated sites and the sources of the contaminations, the Cd-containing soil used in the present bioleaching experiments was prepared by adding 500 mg of acetic cadmium ((CH 3 COO) 2 Cd · H 2 O) and a small amount of distilled water into 1.0 kg of noncontaminated soil, which was filtered by #35 mesh (i.e., the diameter of the soil particle Յ 0.5 mm). The mixture was then heated at 800°C for 2 h, leading to the formation of Cd-soil complex. The resulting Cd-containing soil was then washed by distilled water several times to remove the residual acetic cadmium in the void portion of the soil particles. The washed Cdcontaining soil was placed in an oven to remove the retaining moisture. The concentration of Cd in soil was determined as 235 mg/kg soil (ppm) by measuring the concentration of acetic cadmium in the washed solution.
Before the bioleaching experiments, 20 mL pure A. thiooxidans isolates were mixed with 180mL A. thiooxidans OGM, 5 g/L S 0 , and 0.1 g/L nystatin in a 500 mL flask. The initial pH was adjusted to 4.0. The flask was placed in a shaker at 30°C, 150 rpm for the cultivation of A. thiooxidans. 50 g/L Cd-containing soil was then added into the flasks containing A. thiooxidans cultures at 0, 2, 4, 6, 8, 10, 14, and 16 days of precultivation accordingly and the temperature was maintained at 30°C to determine the influence of precultivation time of A. thiooxidans on the bioleaching of Cd. To determine the effect of the metabolites of A. thiooxidans and temperature on metal bioleaching, the A. thiooxidans cultures after the present precultivation were centrifuged at 6000 rpm for 20 min and sterilized at 120°C for 30 min followed by centrifugation at 6000 rpm for 20 min, respectively. Then, 50 g/mL Cd-containing soil was added into the resulting supernatants for bioleaching at 30, 40, and 50°C. A blank experiment was conducted without addition of bacteria inoculum. Leaching by sulfuric acid (28,000 ppm) was performed to compare the effect of bioand chemical leaching. All the leaching experiments were conducted in triplicate.
Analytical Methods
Biomass concentration was determined via turbidimetric measurement at 620 nm (1.00 OD 620nm Ӎ 0.98 ± 0.08 g/L dry cell weight). Sulfate content was determined according to the Barium Sulfate Turbidity Method as described in the Standard Methods for Examination of Water and Wastewater text of the APHA, AWWA, and WPCF (1995). Using pH 4.0 and 10.0 standard buffers (Fisher Scientific, Tokyo, Japan) for calibration, standard measurement of pH was undertaken by using pH electrode and meter (Cole-Parmer, Vernon Hills, IL) with an accuracy 0.1 pH unit. Ten milliliters of reaction mixture was withdrawn and filtered though a 0.45 m filter membrane for heavy metal analysis in the bioleaching experiments. The concentration of soluble Cd was determined by a flame atomic adsorption spectrophotometer (GBC Scientific Equipment, Dandenong, Australia).
RESULTS AND DISCUSSION
The Growth of the Indigenous Acidithiobacillus thiooxidans
The growth curves of the indigenous A. thiooxidans are shown in Figure 1 . The growth of A. thiooxidans exhibited a positive correlation to sulfuric acid production in the exponential growth phase, strongly indicating that microbial sulfur oxidation is growth-associated in this phase. The maximum amount of sulfuric acid produced reached about 28,000 ppm after 16 days of cultivation. Moreover, the pH level in enrichment cultures of A. thiooxidans with elemental sulfur can fall to 1.0 or below. It indicates the strong potential of the indigenous A. thiooxidans for the bioleaching process. From the OD measurements, we found that the exponential growth phase for this indigenous A. thiooxidans is between 6 and 10 days of cultivation. Although the growth of the indigenous A. thiooxidans entered the stationary phase after 10 days, the concentration of the sulfuric acid kept increasing, implying that sulfur oxidation is no longer growth-associated in the stationary phase. Some mechanisms other than the microbial metabolism should be responsible for the sulfuric acid production after exponential growth phase.
Comparison of Bio-and Chemical Leaching
The maximum amount of sulfuric acid produced during the cultivation of the indigenous A. thiooxidans was about 28,000 ppm. Thus, we performed the chemical leaching by adding 50 g/L Cd-containing soil to 200 mL H 2 SO 4 solution (28,000 ppm). The result is shown in Figure 2 . The amount of Cd leached by chemical leaching was relatively lower than bioleaching with 4 to 10 days of precultivation. The maximum amount of Cd leached and the initial leaching rate 
The Effect of Precultivation Time
The extent of pH decrease and sulfuric acid formation depends directly on the growth of the indigenous A. thiooxidans. Therefore, it is of great importance to investigate the effect of precultivation time of the indigenous A. thiooxidans on the bioleaching process. The results are given in Figure 2 . As sulfuric acid production is growth-associated in the exponential phase and bioleaching of Cd from soil is strongly dependent of the concentration of sulfuric acid, the bioleaching event was totally inhibited without precultivation of the indigenous A. thiooxidans. The maximum amount of Cd leached was obtained when the indigenous A. thiooxidans was precultivated for 8 days prior subjecting to the bioleaching process. In contrast, the initial rate of bioleaching and the maximum amount of Cd leached dropped from 8.44 to 6.62 ppm/h and from 93.3 to 80.2%, respectively, when the precultivation time increased from 8 to 16 days (Table I) . It indicates that cells cultivated for 8 days were in their exponential phase of growth, where they maintained the maximum specific growth rate for a long period of time and resulted in a higher efficiency for bioleaching. The direct leaching by the cell activity decreased when growth of the indigenous A. thiooxidans was switched from the exponential phase to the stationary or death phase. 
The Effect of Metabolites on Bioleaching
Acidithiobacillus thiooxidans has been shown to be able to oxidize relatively soluble sulfides, such as ZnS by the direct mechanism. However, insoluble sulfides such as CuS are only slightly attacked. This indicates that A. thiooxidans only oxidize sulfides in solution. In contrast, A. ferrooxidans oxidizes sulfides both in solution and on solid surface (Pistorio et al., 1994) . Therefore, it is of great importance to examine the effect of the metabolites and the cells on bioleaching of metal contaminated soil prior to the field applications. In addition, previous studies of bioleaching at laboratory scales were mostly carried out at ambient or controlled temperatures (20-30°C). The biological oxidation kinetics of sulfur, ferrous iron, and sulfide minerals are strongly influenced by temperature (Ahonen and Tuovinen, 1991) ; bioleaching processes are consequently affected. Therefore, part of the objectives in the present study was to investigate the influence of temperature on the bioleaching of Cd-containing soil with the indigenous A. thiooxidans.
To eliminate the effect of direct leaching by cell activity, the cells were centrifuged for 20 min after different precultivation times. The resulting supernatants were subjected to bioleaching at 30, 40, and 50°C. The results are given in Figure 3 and summarized in Table I . The highest amount of Cd leached was 85.9, 94.6, and 99.1% after 16, 10, and 8 days of precultivation at 30, 40, and 50°C, respectively (Table I ). In addition, the initial rate for bioleaching increased from 6.48 ppm/h at 30°C to 9.41 ppm/h at 50°C after 8 days of precultivation (Table I) . These results strongly indicate that temperature plays an important role in determining the efficiency and rate of bioleaching. Higher temperature results in higher initial rate and higher amount of Cd leached. Comparing the bioleaching experiments with and without the direct leaching by cell activity at 30°C, we found that the maximum amount of Cd leached decreased from 93.3% with cells to 80.6% without cells. In addition, the initial rate for bioleaching dropped from 8.44 ppm/h with cells to 6.48 ppm/h without cells. It indicates that the direct contact between cells and soil is also important, al- Figure 5 . The effect of temperature on bioleaching with the metabolites by the pretreatment of the cell culture after 8 days of precultivation with different approaches: (A) sterilization at 120°C for 30 min followed by centrifugation at 6,000 rpm for 20 min and (B) centrifugation at 6000 rpm for 20 min. Leaching experiments were conducted in triplicate. though it plays only a minor role in determining the rate and efficiency of the bioleaching. Thus, the mechanism of indirect bioleaching by the indigenous A. thiooxidans due to its high acid production in sulfur oxidation was found to play the major role in the bioleaching process. This result is consistent with previous findings: (1) the leaching of coal fly ash particles by A. thiooxidans takes place indirectly by sulfuric acid, which is the main cell metabolite, and the effects of other metabolites on the bioleaching are relatively insignificant (Seidel et al., 2001) , and (2) the mechanism of bacterial pyrite oxidation is basically indirect (Gehrke et al., 2001) .
Since sterilization at high temperature may destroy the activity of some of the metabolites such as enzymes, we also performed the bioleaching experiments with the supernatant after centrifugation of the cell culture to remove cells. As can be seen in Figure 4 and Table I , the maximum amount of Cd leached was 90.2, 94.0, and 99.7% at 30, 40, and 50°C . These values are similar to that of sterilization treatments. It indicates that no metabolites such as enzymes, which are sensitive to extremely high temperatures, are responsible for the bioleaching. Sulfuric acid should be the only metabolite directly involved in the bioleaching process; this is also consistent with the previous study (Seidal et al., 2001 ). In addition, although the sterilization treatment of cells is somewhat inappropriate, our results show that the direct leaching by viable cells or metabolites such as enzymes is insignificant. Figures 5 and 6 show the results of bioleaching without direct leaching by cell activity with the pretreatment of the cell culture by sterilization and centrifugation after 8 and 16 days of precultivation, respectively. For 8 days of precultivation, the leaching amount by direct cell activity at 30°C was found to be higher than the leaching with metabolites at 30 and 40°C. It indicates that cells in the exponential phase exhibit higher activity toward bioleaching. In contrast, bioleaching with metabolites at 50°C showed the highest amount of Cd leached. It implies that higher temperature results in higher leaching efficiency. For 16 days of precultivation, the leaching amount by direct cell activity at 30°C was found to be lower than the leaching by metabolites at all temperatures. It demonstrates that cells in the stationary or death phase have lost some of its biological activity toward bioleaching. Again, the leaching efficiency was always the highest at 50°C either for pretreatment of the cell culture by sterilization or by centrifugation.
The averaged amount of Cd leached reached about 95% when the cells were centrifuged after 8 days of precultivation at 30°C and then the resulting supernatant was subjected to bioleaching at 50°C. Thus, the optimal operation conditions for bioleaching by the indigenous A. thiooxidans in this work can be concluded as a two-stage process. The first stage is the precultivation of the indigenous A. thiooxidans at 30°C for 8 days, followed by 20 minutes of centrifugation to remove cells. The second stage is the bioleaching process carried out with the resulting supernatant at 50°C.
CONCLUSIONS
The effect of metabolites from the indigenous A. thiooxidans and temperature on the bioleaching of Cd from soil was investigated in the present study. The maximum amount of Cd leached with cells was obtained after 8 days of precultivation, indicating the cells in the exponential growth phase exhibit the highest activity toward bioleaching. In contrast, 16 days of precultivation resulted in the Figure 6 . The effect of temperature on bioleaching with the metabolites by the pretreatment of the cell culture after 16 days of precultivation with different approaches: (A) sterilization at 120°C for 30 min followed by centrifugation at 6000 rpm for 20 min and (B) centrifugation at 6000 rpm for 20 min. Leaching experiments were conducted in triplicate. maximum initial rate of bioleaching without cell activity, implying that the concentration of sulfuric acid produced determines the rate of bioleaching. The formation of sulfuric acid was found to be growth-associated only in the exponential phase. Higher temperatures in the bioleaching processes yield a higher initial rate and higher amount of Cd leached. The optimum bioleaching condition was determined to be a two-stage process: The first stage involves 8 days of pre-cultivation of the indigenous A. thiooxidans at 30°C followed by the removal of cells by centrifugation for 20 minutes. The second stage involves the utilization of the subsequent supernatant for bioleaching at 50°C.
